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Abstract: In this paper we give a short review of the recently obtained results on inclusive and 
exclusive decays of doubly heavy baryons. 
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1. Introduction 

Recently there was a big progress in our the- 
oretical understanding of the physics of doubly 
heavy baryons. First, the production cross sec- 
tions of doubly heavy baryons in hadron colli- 
sions at high energies of colliders and in fixed 
target experiments were calculated with the use 
of perturbative QCD for the hard processes and 
factorization hypothesis to account for the non- 
perturbative binding of heavy quarks inside the 
doubly heavy baryons ||. Second, the lifetimes 
and branching fractions of some inclusive decay 
modes were evaluated in the Operator Product 
Expansion combined with the effective theory of 
heavy quarks |I| || . Third, the families of doubly 
heavy baryons, which contain a set of narrow ex- 
cited levels in addition to the basic state, were 
described in the framework of potential mod- 
els II . The picture of spectra, obtained in this 
analysis, is very similar to that of heavy quarko- 
nia. Fourth, the QCD and NRQCD sum rules @ 
were explored for the two-point baryonic corre- 
lators in order to calculate the masses and cou- 
plings of doubly heavy baryons f| p|, ^0[. And 
fifth, there are papers, where exclusive semilep- 
tonic and some nonleptonic decay modes of dou- 
bly heavy baryons in the framework of Bethe- 
Salpeter, NRQCD sum rules and potential mod- 
els were analyzed |ll], . In the present talk 
we will concentrate on the developments in the 
description of inclusive and exclusive decays of 
the mentioned hadrons. In what follows, we will 
present the results of OPE approach on lifetimes 



and the results of three-point NRQCD sum rules 
on semileptonic and various nonleptonic decay 
modes of doubly heavy baryons. 

2. Inclusive decays in OPE 

In the first part of this review we give a short de- 
scription of the OPE framework used to calculate 
lifetimes of doubly heavy baryons and present nu- 
merical predictions for their values. Here we also 
comment on relative contributions of spectator 
and nonspectator effects to estimated lifetimes. 

2.1 OPE framework for lifetimes 

Let us describe the calculation framework for the 
lifetimes of doubly heavy baryons on the con- 
crete example of S£ c baryons. The optical theo- 
rem along with the hypothesis of integral quark- 
hadron duality, leads us to a relation between the 
total decay width of heavy quark and the imag- 
inary part of its forward scattering amplitude. 
This relationship, applied to the S^-baryon 1 to- 
tal decay width Th« , can be written down as: 



i 



2M= 



("bcl^"l"6c 



(2.1) 



with the transition operator T: 



T = ImJd i x{fH eff (x)H eff (0)}, (2.2) 

where the effective lagrangian of weak interac- 
tions H e ff, for example, in the case of nonlep- 

Here o denotes electrical charge of E£ c -baryon 
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tonic decays and at the characteristic hadron en- 
ergies is given by 

Heff - ^v q3qi v; iq2 [c + (^o + + 

C-(n)0-] + h.c 

where 

0± = [qiaj»(l - 75)92/3] [q^l"^ - 75)945] x 
and 



C+ = 



a s (M w ) 



33-2/ 



C_ = 



a s (M w ) 



a s (j") 



33-2/ 



where f is the number of flavors and {a, (3, 7, <5} 
run over the color indices. 

As the energy release in heavy quarks decays 
is large, we may benefit from the Operator Prod- 
uct Expansion (OPE) for the transition operator 



1 



»=i 



+- 



m 



Q' 



Q' 



-O(l)}. 



(2.3) 



Performing the above expansion, we obtain a se- 
ries of operators, classified according to their di- 
mensions. The contributions of these operators 
to the total decay width of the baryon under con- 
sideration have a simple physical interpretation: 

• dimension 3: QQ, this operator represents 
the contribution of spectator heavy quark 
decay. 

• dimension 4: removed by the equations of 
motion. 

• dimension 5: Qgq — Qg^^vG^Q, rep- 
resents chromomagnetic interaction of the 
decaying quark with other heavy quark as 
well as with the light quark. 

• dimension 6: Q2Q2q = QTqqT Q, the op- 
erators of this kind correspond to nonspec- 
tator effects, the most important of which 
are Pauli interference and weak scattering 




Figure 1: The diagram of spectator contribution in 
the charmed quark decays. 



Thus the transition operator can be written 



as 



1~+ = ^356 + %5c + T^pi + ^6,WSi 

All contributions in the above expressions can be 
explicitly calculated and, for example, the con- 
tribution of dimension 3 and 5 operators in the 
case of b - quark decay is given by the following 
expression 

_ J?Q b 

^356 = Fb.spectbb J [2-Pcl + Perl + 



■C^)Q*ga^G^Q l where 



K ob (P cl + P cc i) + K 2b (P c2 + P cc2 )}0 Gb , 



r 2 ™5 

ro fc -™lK b | 2 , 



1927T 3 

with K 0Q = C 2 _ + 2Cl, K 2Q = 2{C\ - C 2 _), 



P c i = {l-y)\ P c2 = {l-yf, y 



rn 



2 • 



Below, we have also written a characteristic non- 
spectator contribution given by electroweak scat- 
tering of b and c - quarks 



lwR.hr. = : mj H ) (1 — 2+) x 

m b 



47T 



[{Cl + C 2 _ + \{l-kV 2 ){Cl-C*_))x 

o 

(6,7a (1- 75)6i) (c,7 a (l-75)c,) + 
^{Cl -C 2 _) x 

(bilaO- ~ 75)6j)(Cj7 a (l - 75)Ci)], 



where 



(m b + m c ) 2 



, fc = 



a s (M) 



a s (m b + m c ) 



The hadronic matrix elements can be further es- 
timated using effective theories description of bound 
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-++ 

' — 'cc 






J2 c -> s, ps 1 


3.104 


3.104 


3.104 


PI, ps" 1 


-0.874 




0.621 


WS, ps" 1 




1.776 




T, ps 


0.45 


0.20 


0.27 



Table 1: The lifetimes of doubly charmed baryons 
together with the relative spectator and nonspectator 
contributions to the total widths. 

state dynamics of doubly heavy baryons. Here we 
will not give the details of these estimates and re- 
fer the interested reader for details to ||, So, 
in the next subsection, we will go directly to the 
numerical estimates of doubly heavy baryon life- 
times. 



c s c 




Figure 2: The diagram for the contribution of Pauli 
interference in the decays of charmed quark for the 
H+ baryon. 

2.2 Numerical results 

Now we have already estimates for the lifetimes 
of all doubly heavy baryons j|, g|. However, there 
is some difference in concrete numerical values of 
lifetimes obtained in different papers. In papers 
we have commented on the uncertainties in 
the resulting values of lifetimes related to the val- 
ues of heavy quark masses. Besides this, there is 
one more uncertainty remained due to the value 
of light quark - diquark wave-function at origin. 
Today there are two approaches to estimate this 
value: 1) assuming, that this value is the same as 
the value of D - meson wave function at origin; 
2) extracting this value from the comparison of 
hyper-fine splittings in doubly heavy and singly 
heavy baryons. Here we give the results of the 
lifetime estimates made in the second approach, 
as they are the most complete. 

From Tables 1.-3. we see a sizeable contri- 
bution of nonspectator effects to the lifetimes of 
doubly heavy baryons. The presence of the lat- 





"6c 


"0 

"6c 


ll bc 


J2 b -* c, ps 1 


0.632 


0.632 


0.631 


s, ps- 


1.511 


1.511 


1.509 


PI, ps- 1 


0.807 


0.855 


0.979 


WS, ps" 1 


0.653 


0.795 


1.713 


T, ps 


0.28 


0.26 


0.21 



Table 2: The lifetimes of (6cg)-baryons together 
with the relative spectator and nonspectator contri- 
butions to the total widths. 





"0 
"66 


"66 




J2 b -> c, ps 1 


1.254 


1.254 


1.254 


PI, ps" 1 




-0.0130 


-0.0100 


WS, ps" 1 


0.0189 






T, pS 


0.79 


0.80 


0.80 



Table 3: The lifetimes of (&6g)-baryons together 
with the relative spectator and nonspectator contri- 
butions to the total widths. 

ter, for example, leads to a huge difference of 
(cc<7)-baryon lifetimes. 

3. Exclusive decays in NRQCD sum 
rules 

In this section we review the results for exclusive 
decay modes of doubly heavy baryons, obtained 
in the framework of three-point NRQCD sum 
rules. Our consideration of form-factors, govern- 
ing the above transitions, will be restricted to the 
case of spin 1/2 - spin 1/2 baryon transitions. We 
will comment on the size of spin 1/2 - spin 3/2 
contribution in the section with our numerical 
results. 

3.1 Two point sum rules 

We start with the two-point NRQCD sum rules 
for corresponding baryonic couplings. For baryons, 
containing two heavy quarks, there are two dis- 
tinct choices of baryonic interpolating currents: 
1) The prescription with the explicit spinor struc- 
ture of the heavy diquark from the very begin- 
ning 

Jb» qi = {Q lT CT 75 Qi'}q k e l3k , 
Jb* = [Q iT Cr 7 m Q^]- 7m75 q k s ijk , (3.1) 
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2) The currents, which require further symmetriza- 
tion of heavy diquark wave function 



|^~J 2 ,GeV 2 



Js* g = s a0J : (QlC 75g/3 )0; 



(3.2) 



In calculations of exclusive decay modes from 
three-point NRQCD sum rules, considered be- 
low, we will use the currents of the second type. 
For the benefits of this choice we refer the reader 
to jL3|. The baryon couplings for both types of 
currents are defined as usual 



\Jh\H{ P )) = iZ H u(v,M H )e i - 



(3.3) 



To estimate the introduced baryonic couplings, 
we consider two-point correlation function of cor- 
responding currents 



n( 2 ) = i 



S *"<0|T{J(aO,J(0)}|0) 



^(p 2 ) + F 2 (p 2 ), 



(3.4) 



where v is the four- velocity of the studied doubly 
heavy baryon. 



AAf Hbc , GeV 




Figure 3: The difference between the Ef, c -baryon 
masses calculated in the NRQCD sum rules for the 
formfactors F\ and Fi in the scheme of moments for 
the spectral densities (first type of currents). 

For both types of currents the NRQCD sum 
rules derived include coulomb-like corrections in 
the system of doubly heavy diquark as well as 
contributions of nonperturbative terms coming 
from the quark, gluon, mixed condensates and 
the product of quark and gluon condensates^, 
O. As was shown by the authors of ||, for the 
second type of currents it is difficult, in general, 
to achieve a stability of sum rules predictions for 
the both extracted mass and coupling of doubly 




Figure 4: The couplings |Zg | 2 of Ef, c -baryon cal- 
culated in the NRQCD sum rules for the formfactors 
F\ and F2 in the scheme of moments for the spectral 
densities (first type of currents). 



GeV 2 




Figure 5: The couplings \Z^' 2 ^ \ 2 of H^i-baryon cal- 
culated in the NRQCD sum rules for the formfactors 
Fi and F2 in the scheme of moments for the spectral 
densities (second type of currents). 



heavy baryons. So, for the second type of cur- 
rents used here, we evaluate the coupling con- 
stants only and use the masses of doubly heavy 
baryons, calculated by us previously ||, as in- 
puts. 

The results of the performed analysis can be 
most conveniently understood from the figures 
below. The plotted result for the S^-baryon 
coupling of the second type does not include the 
Coulomb corrections, as the calculation of de- 
sired form-factors for the doubly heavy baryons 
can be consistently performed without account- 
ing for Coulomb corrections either, provided we 
neglect them both in the two-point and three- 
point sum rules 2 . 



For more details sec 



US 
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3.2 Three-point sum rules 




Figure 6: The diagram, corresponding to the three- 
point correlation function considered in the paper. 

Following the standard procedure for the eval- 
uation of form- factors in the framework of NRQCD 
sum rules, we consider the three-point correlation 
function 

n M = z 2 / d 4 xd 4 y(0|T{J ffF (x)J M (0)J ffl }|0) x 



(3.5) 



The theoretical expression for the three-point cor- 
relation function can be easily calculated with 
the use of double dispersion relation 



H^ heor \s 1 ,s 2 ,q 2 ) 



(2ny 



dsi I dsn 



(3.6) 



Saturating the channels of initial and final state 
hadrons by ground states of corresponding baryons, 
we have the following phenomenological expres- 
sion for the three-point correlation function 

\Jh f \Hf(pf)) „ 



U^( Sl ,s 2 ,q 2 ) = V- 



4^ 8% -Ml 

spins * n F 

(Hj( Pl )\J Hl \0) 



(3.7) 



'Hi 



The formfactors for spin ^ - spin i baryon tran- 
sitions are modeled as following 

{H F {pF)\MHj{pi)) = u{p F ){^GX +v\fiX + 
<G 3 y + 7 5(7MGf + 



Naively, all these six formfactors are indepen- 
dent. However, the analysis of spin symmetry 
relations in the limit of zero recoil shows the 
semileptonic decays of doubly heavy baryons can 
be described by the only universal function, an 
analogue of Isgur-Wise function Jl3|, [uj . 

So, now we in position, where to obtain esti- 
mates on semileptonic or nonleptonic transitions 
under hypothesis of factorization jl?]] we should 
calculate the only universal function. 

The calculation of spectral densities is straight- 
forward with the use of Cutkosky rules for quark 
propagators [jl5j . The results for the trace of cor- 
relation function with vj, are 
1) heavy to heavy underlying quark transition 

„„.„_ f^- m ^ 2 e mim2 {e~ m jy dk2 



(2^) 4 fc2 (A(sijS2;g2)) l/2 



(3.8) 



p qq = 



cos 9 



mim 2 m?,J si 



(2^) 2 (m 1 +m 3 )(A( Sl , S2 ,g 2 ))V 



i72(w) 



(3.9) 



m 2 



(v si — p 20 + {mi - mi) x 



\Mk\ 

(3.10) 

2) heavy to light underlying quark transition 



a- J*!!_) + 

2mim 2 2m 2 



nP ert = f^- m ^ 3F 1 (k 2 -m 2 ) 2 a 
4(2^) 4 k 2 (\(si,s 2 , q 2 )) 1 / 2 

(3.11) 

mim 3y /sJF 2 



r,<l1 



2(mi +m 3 )(A(si,s 2 ,g 2 )) 1/ 



(3.12) 



cos 8 
where 



1 Ifcl 2 

(2p 2 o (s/si - mi - J - s-2 



mm 



2mi 



-(Vsl - mi) 2 + 



sl\k\ 



m\ 



j) (3.13) 



(to 2 - q 2 + 2m 2 Vsi + s 2 - k 2 ) 



F 2 — Fl\ k 2^ m 2 



(3.14) 
(3.15) 



The notations in the above expressions should 
be clear from Fig. 6. Having derived theoretical 
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expressions for the three-point correlation func- 
tion, we may proceed now with the evaluation of 
form-factors. In numerical estimates we will use 
the Borel scheme for the form-factor extraction 
and so, below we give the formula determining 
the universal Isgur-Wise function for the semilep- 
tonic decays of doubly heavy baryons 



1 



1 



(2tt) 2 %MiM f ZiZ f 



p(sj, sf, q 2 )dsidsF 



(mi+m 3 ) 2 J (m 1 +m 2 ) 

si 



x exp(- 



Bj 



exp(- 




B% 



Figure 7: The value of £(1) for the transition E£ b — ► 
H£ c as function of Borel parameters in the si and s f 
(3.16) channels. 



where B\ and Bp are the Borel parameters in 
the initial and final state channels. 

3.3 Numerical estimates 

The analysis of NRQCD sum rules in the Borel 
scheme gives us the estimates of the value of 
Isgur-Wise (IW) function at zero recoil for dif- 
ferent types of spin 1/2 - spin 1/2 transitions 
betweem doubly heavy baryons, shown in Table 
4. For the sake of comparison, we also provide 
here the estimates of the values of IW-function 
at zero recoil performed by us in the framework 
of potential models, which can be also found in 
Table 4. We sec that within the errors of the sum 
rule method (15%) the obtained results are very 
close to each other. 



Mode 


£(1) SR 


£(1) PM 


Ebb — > S&c 


0.85 


0.91 


^bc * ^cc 


0.91 


0.99 


^bc ' ^bs 


0.9 


0.99 


^cc ' ^cs 


0.99 


1. 



Table 4: The normalization of Isgur-Wise function 
for different baryon transitions at zero recoil. 

In Fig. 7 we have plotted the dependence of 
the normalization of IW-function on the Borel 
parameters of initial and final state baryons in 
the case of E bb — > E bc transition. 

Next, to obtain the dependence of formfac- 
tors on the square of momentum transfer we ex- 



ploit the pole resonance model. So, for the IW- 
function we have the following expression: 



1 



(3.17) 



with 

Wp i e = 6.3 GeV for the b — 
m po ie = 1.85 GeV for the c 



c transitions 
-> s transitions. 



With the obtained estimates for the form- 
factors, we can easily obtain the predictions for 
the semileptonic and some nonleptonic decay modes 
of doubly heavy baryons. The results of such es- 
timates can be found in Table 2. 



Mode 


Br (%) 


Mode 


Br (%) 


"66 -> -be lv l 


14.9 


5+ - E++ln 


4.9 


z° bc - KM 


4.6 




4.4 




4.1 




16.8 


s+ - s°Jn 


7.5 


"66 ~ ¥ —be 71 


2.2 


"66 ~^ —bcP 


5.7 


—be ~ * "cc +7r 


0.7 


—be ~ * "cc 71 " 


0.7 


—be ~ * —cc + P 


1.9 


—be ^ —ccP 


1.7 


^+ , ^0 _+ 
"6c ^ "6s ^ 


7.7 


-be ^ -bs 71 


7.1 


^+ _, ^0 + 
"6c —bsP 


21.7 


—be ~ * —bsP + 


20.1 


S++ -> S+7T+ 

CC cs 


15.7 


S+ -► S° 7T+ 

cc cs 


11.2 


'—'cc * ^csP 


46.8 


1 — 'cc * '—'csP 


33.6 







Table 5: Branching ratios for the different decay 
modes of doubly heavy baryons. 
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To calculate the branching ratios for exclu- 
sive decay modes we used the values of doubly 
heavy baryon lifetimes, calculated by us previ- 
ously j5j. The values, presented in Table 2 al- 
ready include the contribution of spin 1/2-spin 
3/2 decay channels. To estimate the latter we 
have used the results of where the contri- 
bution of these channels was calculated for the 
case of S;, c — > S cc + Iv baryon transition, and 
assumed, that, according to superflavor symme- 
try, it constitutes 30 % from the contribution of 
corresponding spin 1/2-spin 1/2 transitions for 
all transitions between doubly heavy baryons. In 
calculations of S£ b and S* c - baryon decay modes 
we have taken into account a factor 2 due to Pauli 
principle for the identical heavy quarks in the ini- 



tial channel. In the caac of 



=6c 



5g e JC baryon 



liansiliuii Llie saiiiL 1 faelui eunies hum tire pos- 

itive Pauli interference of the c-quark, being a 
product of 6-quark decay, with the c-quark from 
the initial baryon. Here, we also would like to 
mention, that for the Sb c -baryon decays the men- 
tioned positive Pauli interference contribution is 
dominant compared to other nonspectator con- 
tributions 3 , so we do not introduce other correc- 
tions here. However, in the case of S++ — > S+X- 
baryon transition the negative Pauli interference 
plays the dominant role and thus should be ac- 
counted for explicitly. From the previously done 
OPE analysis for doubly heavy baryon lifetimes 
|4|, H we conclude that the corresponding correc- 
tiou factor in this ca3c is 0.62. We would like abo 



give a small CDmmnnt un uui nulaliuns. The =g s 

in Table 2 stays for the sum of Eq and Eg de- 
cay channels. The obtained results are in agree- 
ment with the previous estimates of S(, c -baryon 
exclusive decay modes jll| and with the results 
of OPE analysis {|, || for inclusive decay modes. 



4. Conclusion 

In this paper we have made a short review on 
the inclusive and exclusive decay modes of dou- 



bly heavy baryons. The results on the lifetimes 



of doubly heavy baryons as well as estimates of 
scmilcptonic, pion and p-mcson decay modes arc 
given. 

3 Here we use the results of OPE analysis for the inclu- 
sive decay modes of doubly heavy baryons Q ^| 
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